Abstract Unionid freshwater mussels are a threatened fauna, and understanding their distribution is essential to aid and promote conservation efforts. Therefore, we (1) compared patterns of species richness and endemism of Texas mussel and fish species, as mussels depend on fish for their reproduction and dispersal; (2) examined how distribution and community composition of mussels and fishes varies across river basins; and (3) how much variation in mussel community composition could be explained by the distribution of potential host fish, river basin (as a spatial component), ecoregion (as proxy for largescale environmental differences), and flow variability. Mussel and fish community compositions in rivers differed significantly between river basins with an east-to-west gradient of decreasing species richness following the transition from sub-humid to arid climate. River basin explained 25% of the variation in mussel community composition, and potential host fish presence explained 20%. The total variation explained by both variables was 34%, as part of the variation in host fish presence (11.5%) was spatially structured by differences in river basins. Flow variability explained an additional 14% of the variation in mussel community composition, and ecoregion an additional 9% compared with river basin alone. Locations of significantly higher mussel species richness and/or endemism were present in rivers from all regions of Texas. These locations should be protected, especially as human population continues to expand and urbanize in these regions. A better understanding of mussel-host fish relationships and the impact of flow variation on the distribution of mussels will be needed to inform conservation efforts.
Introduction
Freshwater mussels (Unionoida) are a globally threatened fauna (Haag, 2012) . In North America, the 'rainforest' of mussel diversity (Haag, 2012) , approximately 72% of all species are either imperiled or critically imperiled (Thorp & Covich, 2010) . Freshwater mussels are also important components of aquatic ecosystems. They increase water clarity, remove nutrients from the water column, and re-direct them to the benthos. They provide habitat and enhance the growth of other organisms such as benthic algae and macroinvertebrates (Atkinson & Vaughn, 2014; Vaughn et al., 2015) . Their limited mobility (Kappes & Haase, 2012) , complex life cycles (Stayer, 2008) , and long life spans make them particularly sensitive to habitat disturbances, effects of fragmentation, and the introduction of nonnative species (Haag, 2012) . Mussel species declines in riverine ecosystems can lead to dramatically altered nutrient dynamics, further impacting community composition and food-web dynamics (Atkinson & Vaughn, 2014 ). An important part for successful conservation of the threatened and endangered mussel communities is a better understanding of the processes that shape their distribution.
As for most organisms, distribution of mussels depends on suitable habitat, food availability, the presence of predators, and the ability to disperse (Strayer, 2008) . Because their larvae are obligate parasites on fish, the movement of their host fish during the parasitic stage is crucial for mussels' largescale dispersal (over hundreds of meters to kilometers, Newton et al., 2008) . There is no consensus on the relative importance of host fish, compared to other factors, for the distribution of mussels, and it may differ regionally. The importance of historical colonization via host fishes was documented for rivers in the southern and Midwestern states in the U.S. (Vaughn, 1997) . Evidence for the important role of host fishes for the distribution of mussels was shown for rivers of south-western Ontario (Schwalb et al., 2012 (Schwalb et al., , 2015 , the Ohio River System (Watters, 1992) , an Alabama River (Haag & Warren, 1998) , and for rivers in southern Oklahoma (Vaughn & Taylor, 2000) . However, a study of two Ohio rivers found only a weak correlation existing between mussel and fish richness (Krebs et al., 2010) , and a study of the Pine Hills regions of southeast Louisiana found that mussel species richness increased with stream order, even though host fish species richness did not (Daniel & Brown, 2013) . In addition, the importance of host fish for the distribution of mussels may also depend on the mussels' host fish specificity and lure display (Haag & Warren, 1998) . A positive correlation between mussel densities and fish densities were detected for nondisplaying host specialists, but not for lure-displaying host specialists or host generalists (Haag & Warren, 1998) .
In addition to current distribution of fishes, historical processes may have played a major role for current distributional patterns of freshwater mussels (Zanatta & Murphy, 2008; Jones et al., 2015) . For example, freshwater mussel distributions and community composition may reflect postglacial invasion patterns and historic river connectivity (Graf, 2002) . They may have also been shaped by limited dispersal between river basins over larger time spans (i.e., thousands of years, Schwalb et al., 2012) . Genetic studies have shown that mussels can be traced back to glacial refugia from which mussels dispersed after the last glacial maximum about 10,000 years ago (e.g., Elderkin et al., 2007 , Zanatta & Murphy, 2008 Zanatta & Harris, 2013) .
While Texas was never glaciated, connectivity between river basins was affected by glacial expansions and retreats further north. Many, if not all of the Texas rivers that currently drain into the Gulf Coast may have been connected during glaciations of northern parts of North America (Conner & Suttkus, 1986 ), when the associated sea level drop may have produced a Mississippi River Basin that was more expansive than it is today, incorporating current Gulf Coast drainages. These rivers then became isolated again during periods of glacial retreat or interglacial periods (Al-Rabab'ah & Williams, 2004) during the Pleistocene epoch, roughly 2.6 million to 11,000 years ago. The combination of historical connectivity during wetter and cooler periods and historical extinctions of species, especially in the more arid western regions, may have led to the current specific aquatic fauna in Texas' river basins.
The unionid mussel fauna of Texas consists of approximately 50 species, of which 15 are listed as threatened at the state level (TPWD, 2016) . Six of the 15 state-threatened species are also candidates for federal listing (TPWD, 2016) . Fourteen of the fifteen state-threatened freshwater mussel species are considered either regionally endemic or are endemic to the state of Texas (Burlakova et al., 2011a, b) . These endemic species are a critical component of the diversity and uniqueness of unionid communities in the state (Burlakova et al., 2011a) . It should be mentioned that Burlakova et al. (2011a, b) identified 30 rare and very rare species indicating that 65% of Texas freshwater mussels are potentially imperiled. While reports on Texas unionids were published over a century ago (Singley, 1893; Strecker, 1931) , the majority of conservation research intensified only in the early to mid-2000s (Howells et al., 2000; Burlakova & Karatayev, 2007; Randklev et al., 2010 Randklev et al., , 2013a Randklev et al., , b, 2015a Burlakova et al., 2011a, b; Karatayev et al., 2012 Karatayev et al., , 2015 Ford et al., 2009; Ford & Oliver, 2015) . Understanding freshwater mussel distribution and its potential drivers in Texas is essential to aid and promote mussel-conservation efforts throughout the state.
The objectives of this research were (1) to compare patterns of species richness and endemism for mussels and fishes across regions in Texas (i.e., East, Central, West Texas) and river basins, (2) to examine how distribution and community composition of mussels and fishes varies within and across river basins, and (3) to determine how much variation in the community composition of mussels could be explained by the distribution of potential host fish, river basin (as a spatial component), ecoregion (as proxy for largescale environmental differences), and flow variability. Specifically, we predicted for Objective 1 that (a) Mussel and fish species richness will show a decreasing tendency from regions of East to West Texas, and (b) spatial patterns of endemism will be similar for mussels and fish (Table 1) . Our prediction for Objective 2 was (c) the distribution and community composition of mussels and fish will differ between river basins in different regions (east, central, west, Table 1 ). For Objective 3, we predicted (d) that a significant portion of variation can be explained by the distribution of potential host fish and river basin as a spatial component, and (e) large-scale environmental differences and flow variability also explain part of the variation in mussel distribution (Table 1) .
Materials and methods

Study area
Texas has an east-to-west climate gradient. Portions of East Texas receive approximately 1525 mm of precipitation a year, while parts of West Texas experience less than 205 mm of annual average rainfall (PRISM, 2013) and potential evapotranspiration (PET) values as high as 1879 mm per year (CGIAR-CSI, 2008 ). There are 26 major Texas river basins that belong to two major drainages, the Mississippi River and the Gulf of Mexico, and all rivers flowing through Texas eventually drain into the Gulf of Mexico. Central and West Texas rivers have steeper gradients than the rivers located in the wetter climate of East Texas, which by contrast have slow-moving currents. As water availability decreases from east to west across Texas, many central and western river basins are prone to periods of no-flow and periods of intense flooding, especially flash floods that occur suddenly after heavy rain. Central Texas is the most flash flood-prone area in the United States (French, 2005) .
Data compilation
We compiled a variety of available datasets to document fish and mussel distributions across Texas. The Multistate Aquatic Resources Information System 
Predictions
Result Figure   a Mussel and fish species richness will show a decreasing tendency from east to west Yes Figure 2 b Spatial patterns of endemism will be similar for mussels and fish Partly Figure 3 c Distribution and community composition of mussels and fish will differ between river basins in different regions (east, central, west) Yes Figure 4 d A significant portion of variation can be explained by the distribution of potential host fish and river basin as a spatial component Yes Figure 5 , and see text e Large-scale environmental differences and flow variability also explain part of the variation in mussel distribution Yes Figure 5 Hydrobiologia (2018) Mussel sites where no mussel species were found were not considered in the analysis. The final dataset included 98 mussel sites surveyed by L.E. Burlakova and A.Y. Karatayev (partly previously published in Burlakova et al., 2011a , b, and Karatayev et al., 2012 , 125 sites surveyed by D. Ford, and 5 sites surveyed by A.N. Schwalb. All mussel data were collected via timed searches and standardized by search effort (CPUE). The entire mussel dataset contained 228 mussel sites with mussel species present C 1 at each site (Appendix 1). All mussel sites (n = 228) were used to address Objective 1 and 2, this included information for 41 freshwater mussel species. While we recognize that the Integrated Taxonomic Information System has changed the names of 4 species, we are using the former names here, which are still used by NatureServe and under which two of them are currently considered for listing as endangered by US Fish and Wildlife (Quadrula aurea and Q. houstonensis). The four species are Amphinaias aurea, formerly Quadrula aurea, Amphinaias houstonensis, formerly Quadrula houstonensis, Tritogenia verrucosa, formerly Quadrula verrucosa, and Amphinaias pustulosa, formerly Quadrula mortoni.
In order to determine how much variation in the community composition of mussels could be explained by distribution of potential host fish and variation in median flows (Objective 3), only mussel sites located within 10 km of a fish site in the same ecoregion and not separated by a dam were used. Ideally we would have matched mussel sites with fish sites within the same river reaches, however, due to a lack of sufficient data we considered 10 km distance within the same biotic province (Hubbs, 1957) and not separated by a dam as reasonable. This was based on previous studies showing that fish communities in Texas were found to be similar within reaches, e.g., the middle Rio Grande (Heard et al., 2012) , lower Guadalupe River (Perkin et al., 2013) , and lower Sabine River (Bonner & Runyan, 2007) . As many fish sites were farther away than 10 km, matching mussel sites with fish sites within 10 km distance resulted in a reduced dataset of 39 mussel sites. Hydrologic data could be obtained for 38 (of the 39) sites, which included information for 28 freshwater mussel species, and were located in 6 different river basins (Brazos, Guadalupe, Rio Grande, San Antonio, Sabine, and Trinity). Hydrologic data were obtained from 16 gaging stations from 6 river basins maintained by the United States Geologic Survey (USGS) and the International Boundary and Water Commission (IBWC). Gauges with a 20 year or longer period of record for daily discharge values provided data to calculate flow metrics and create flow duration curves (Appendix 3 and 4). Due to the limited number of gauges with suitable data, some mussel sites were assigned the same stream gauge for the flow analysis.
A flow duration curve (FDC) is a plot created from daily discharge values that shows the percentage of time that a particular amount of flow is likely to be present or exceeded in a stream. We looked at the flow variability as defined by the slope between Q34 and Q77. Q34 and Q77 represent the amount of flow likely to be in a stream 34 and 77 present of the time, respectively. Higher slopes between Q34 and Q77 indicate more variable stream flow, i.e., dominated by runoff, and lower slopes indicate higher groundwater contributions to base flow (Sawicz et al., 2011; Wolaver et al., 2013) . Slope was calculated using the formula: Slope Q34-Q77 = (lnQ34-lnQ77)/ (0.77-0.34) as amended from Sawicz et al. (2011) by Wolaver et al. (2013) for rivers in Central Texas.
To compare flow variability across river basins, we gathered data from an additional 16 gauges in eight river basins, this included one gauge with only 18 years of available daily discharge data (Fig. 1b , Appendix 3 in Supplementary Material). The Cypress and Nueces river basins did not have available discharge data suitable for this analysis, but only contained one mussel site each (Table 2) . Information on the period of record and the influence of dams for each of the 32 gauges is provided in Appendix 3 in Supplementary Material. This study represents a broad-scale analysis, and thus the authors deemed such a course resolution of hydrologic data as acceptable for determining if flow variability explains a part of the variation in mussel distribution. Additional research into the effects of flow variability on mussel distribution patterns will require a more detailed approach.
Analysis
Current distribution of Texas rivers and the mussel fauna they contain constitute separate biogeographical provinces. Neck (1982) divides Texas into four biogeographical provinces: (1) northern Texas including the Canadian River Basin, which was not considered in this study and has no known endemic mussel species (Haag, 2012) ; (2) East Texas, which includes the Sabine, Neches, Trinity, and San Jacinto river basins; (3) Central Texas, which includes the Brazos, Guadalupe, San Antonio, and Nueces river basins; and (4) West Texas, the Rio Grande River Basin (Fig. 1a) .
In order to compare patterns of species richness and endemism for mussels and fishes across regions in Texas (i.e., East, Central, West Texas, see above) and river basins (Objective 1), a series of maps were created using ArcGIS Version 10.3.1 (ESRI, 2015) , and a series of cluster analyses were conducted (see below). The maps served to visualize the distributions of all fish and mussel species as well as the distribution of the endemic mussels and fishes across different river basins and regions in Texas. The optimized hot spot analysis tool was used to statistically analyze patterns of fish and mussel species richness by calculating a Getis-Ord Gi* statistic. The Getis-Ord Gi* statistic identifies whether or not sites with significantly low or high values cluster together over a study area by evaluating the value of each site in relation to the values of neighboring sites (ESRI, 2014 (ESRI, , 2016 . The resulting statistic is returned as a Z score for each site. High, positive Z scores represent clusters of sites with statistically significant larger values, considered hot spots, and low, negative Z scores represent clusters of sites with statistically significant smaller values, considered cold spots (Table 3) . For this research, hot spot analyses distinguished between statistically significant areas of high and low numbers of fish species, mussel species, endemic fish species, endemic mussel species, and the percentage of endemic mussel and fish species. Optimized hot-spot analyses for endemic fish species utilized historic fish species ranges and were analyzed using sub-watersheds as opposed to individual sites, as data were only available in an aggregated format. In order to examine how the distribution and community composition of fishes and mussels varied across river basins, i.e., regions (East, Central, West Texas, see above) in Texas (Objective 2), only presence/absence data of fish (number of sites = 92) genera (n = 58) collected after 2000 and from the 10 river basins in which mussel sites were found were used (to make it more comparable to the mussel data). The complete mussel dataset was used. Biplots of redundancy analysis were used to address Objective 2 (Fig. 4) .
Finally, to determine how much variation in the community composition of mussels could be explained by distribution of potential host fish, river basin, ecoregion, and flow variability, (Objective 3), only mussel sites that were located within 10 km of a fish site were used (as mentioned above). The dataset for this analysis contained 38 sites containing 28 freshwater mussel species in 6 river basins. To facilitate the analysis and to reduce the number of explanatory variables (i.e., fish genera), we only used the fish presence/absence data for the 49 fish genera that were identified by a recent review as known or potential host fish for mussels in Texas (Ford & Oliver, 2015) . It should be noted that no host fish data were available for 13 mussel species, including 10 statethreatened species (Ford & Oliver, 2015) . These potential host fish are hereafter referred to as host fish. Thirty-five of the 49 known or potential host fish genera were present at sites within 10 km of one or more of the 38 mussel sites. Two genera (Lepomis and Micropterus) were present at all sites and thus could not be included in the analysis because the variability for these two species is 0. This resulted in a division by 0 in the statistical test, and thus an error message. We were able to use presence/absence data for 33 host fish genera in the analysis.
Because the large number of host fish compared to the number of sites led to multicollinearity in the variation partitioning analysis, we used a Nonmetric Multidimensional Scaling (NMDS) to further reduce the number of explanatory variables. We first ran a Principal Coordinate Analysis to estimate the amount of variation associated with each component, and after seven components the amount of variation explained leveled off. We then used the function metaMDS in the R package vegan (2.3-2) to find a stable solution using several random starts. The river basin of each sampling point was coded with an indicator matrix, with a column for each river basin (1 = site is part of river basin, otherwise 0). We used variation partitioning to examine how much of the variation in community composition among different sites could be explained by fish presence, river basin (as a spatial component), ecoregion (as proxy for large-scale environmental differences), and flow variability (Legendre & Legendre, 1998) . Variation decomposition using redundancy analysis (RDA) (Legendre & Legendre, 1998) determines different types of explained variation: (1) the explained variation by each group of explanatory variables, (2) the amount of variation explained by the different groups after eliminating the effects of the other groups of variables (e.g., the amount of variation associated with host fish distribution after removing the effect of river basin from the dependant variables), and 3) the variation shared by the different combinations of the groups of variables. Randomization procedures computed the significances of these variation components, but only for variations of types (1) and (2) (Legendre & Legendre, 1998) , and we used a = 0.05 as our cut-off for significance. When we tested three explanatory variables (1) host fish data, river basin, and ecoregion or (2) host fish data, river basin, and flow variability (see above how flow variability was defined), we found negative R 2 -values for some of the shared variation, due to high correlation between the variables (especially river basin and flow variability). To address this issue of collinearity, we used pairwise comparisons with (a) host fish and river basin, (b) river basin and ecoregion, and (c) river basin and flow variability. All analyses were done in R (R Development Core Team, 2014).
Results
Patterns of species richness and endemism (Objective 1)
At the state level, the number of fish species at a site was generally higher compared to number of mussel species (Fig. 2a, c) . In accordance with our prediction a (Table 1) , general species richness of both mussels and fish species showed a decreasing tendency from regions of East to West Texas (Fig. 2a, b) , as did mussel abundance (Fig. 2c) . The results of the hot spot analysis indicated significantly higher mussel species richness at sites in multiple rivers of the Neches River Basin, and significantly lower mussel species richness occurred at sites on the Rio Grande River (Fig. 2e) . Similarly, most of the areas with significantly higher species richness for fish occurred in East Texas and the lower at sites on rivers in the lower portion of the Colorado River Basin (Fig. 2d) . Species richness within river basins for both mussels and fish tended to be higher in lower reaches compared to upstream reaches within some river basins. For fish species, this was most pronounced in the Brazos River, and somewhat in the Rio Grande and Guadalupe rivers (Fig. 2a) . For mussel species, this pattern only became visible in the Sabine River and to a lesser degree in the Guadalupe River (Fig. 2b) , but was more obvious when sites with no mussels were included (data not shown).
The number of endemic mussel species also decreased from east to west (Fig. 3c) , but the percentage of endemic mussel species increased (Fig. 3d) . The number of endemic fish species showed an increasing trend in watersheds moving westward (similar to the percentage of endemic mussel species, Fig. 3a, d ), this pattern was further heightened when observing the percentage of endemic fish species present in a watershed (Fig. 3b) . Hot spots of endemic species richness for mussels occurred almost exclusively in the Neches River Basin (Fig. 3g) , which corresponds to the greater species richness in this river basin (Fig. 2b) . Hot spots of endemic fish richness, however, occurred in Central and Western Texas river basins (Fig. 3e, f) , whereas significant clustering for low presence of endemic fish species was present in sub-watersheds of the Neches River Basin, upper portions of the Colorado and Blanco river basins, and sub-watersheds along the Gulf Coast (Fig. 3e) . Percentages of endemic mussel species were significantly higher at sites on the Rio Grande River and in rivers of Central Texas, including the Llano and the Guadalupe rivers in the Colorado and Guadalupe river basins, respectively (Fig. 3h) . For percentages of endemic fish, significant clusters of higher percentages were found almost exclusively in sub-watersheds within the upper Rio Grande River Basin, and significant clusters of lower percentages of endemic fish were present in sub-watersheds along the Gulf Coast (Fig. 3f) . Thus, spatial patterns of endemism for mussels and fish were similar for percentages of endemic species, but not for endemic species richness across Texas (prediction b, Table 1 ).
Variation of distribution and community composition of mussels and fishes across river basins in Texas (Objective 2) Mussel and fish community composition was similar for river basins within the same region, i.e., East, Central and Western, but differed between regions (Fig. 4a, c) . These results supported our prediction c (Table 1 ). Differences between rivers from different regions were associated with certain mussel species, including more abundant endemic species. Central Texas rivers were most closely associated with endemic species Quadrula aurea (Guadalupe and San Antonio) and Quadrula houstonensis (Colorado and Brazos), which reached higher densities in some reaches (up to 40 and 29 ind./p-h, respectively (Fig. 4a, b) . The widespread and abundant Amblema plicata, Lampsilis teres and Cyrtonaias tampicoensis were associated with Central Texas Rivers (Colorado, Guadalupe, and Brazos), but A. plicata and L. teres were also abundant and widespread in East Texas rivers (A. plicata especially in the Neches). C. tampicoensis occurred also in the Rio Grande River Basin (Fig. 4a, b) . The Rio Grande River Basin was most closely associated with the endemic Popenaias popeii (Rio Grande and Devils rivers, up to 78 ind./p-h, Fig. 4a, b) . Quadrula apiculata also occurred in the Rio Grande River Basin, but was found in higher densities in the Sabine river basin (up to 25 ind./p-h). Overall, East Texas rivers were associated with a number of mussels: Obliquaria reflexa (Sabine, Neches and Trinity river basins) was relatively widespread and abundant (58% of sites, density of up to 55 ind./p-h); Fusconaia askewi (regional endemic), Quadrula verrucosa. and Truncilla truncata were most abundant in the Sabine and Neches river basins, Q. mortoni and Megalonaias nervosa in the Neches, and Potamilus purpuratus in the Sabine river basin (Fig. 4a, b) . Fig. 2 Map of species richness for a fish species, b mussel species, c and total abundance of mussels (number of ind./p-h). Optimized hot spot analysis for d fish species, and e mussel species Variation in the community composition of mussels explained by the distribution of potential host fish and flow variability (Objective 3) When examining mussel sites with nearby fish sites, river basin explained 25% of the variation in mussel species composition and host fish presence explained 20%. Part of the variation in host fish presence (11.5%) was spatially structured by differences in river basins. The two variables together explained 34%. All effects were significant at P = 0.001. When comparing the variation explained by river basin vs. ecoregion and river basin vs. flow variability, ecoregion explained an additional 9% of the variation in mussel distribution, and flow variability explained an additional 13% (pure effect, P = 0.001). However, flow variability shared -11% with river basin, which suggests that there was correlation between the variables of flow variability and river basin. This is not surprising as differences in flow variability correlated with differences in river basins, although there was of course variation in flow variability within river basins as well (Fig. 6 ). As predicted, host fish and river basin explained a significant portion of the variation in mussel community, and large scale environmental variables (ecoregion) and flow variability also explained part of the mussel distribution (predictions d, e, Table 1 ). The variation explained by host fish presence alone increased slightly to 10% (compared to 8%, Fig. 5 ) when data on recently dead mussels were also considered (data not shown).
As indicated in previous studies, stream flow variability generally decreased, indicating increased groundwater inputs, east to west in Texas (Sawicz et al., 2011; Wolaver et al., 2013) . Upper reaches and mainstems tended to have steeper slopes between Q34 and Q77, i.e., more variable stream flow, than lower reaches and tributaries that tended to have flatter slopes indicative of larger groundwater inflows ( Fig. 6 ; Table 4 ). The rivers with the highest flow variability were the Sabine, Neches, and Brazos rivers, and the Upper Colorado River, near Ballinger, had the second steepest slope between Q34 and Q77 ( Fig. 6 ; Table 4 ). Unfortunately, sufficient hydrologic data were not available for the middle reaches of the Neches River where the highest mussel species richness occurred. Flow data from its tributaries, the Angelina River and Village Creek, and sections of the upper Neches River, indicated higher flow variability (Fig. 6 ). The Llano River, a tributary of the Colorado River, had larger groundwater inputs and multiple hot spots for fish species richness and percentage of endemic mussel species (Figs. 2d, 3h, 6 ). Flow variability was generally lower, indicating higher groundwater inputs, for rivers in the San Antonio and Guadalupe river basins and sections of the Lower Colorado River. The lowest flow variability occurred on rivers in the Rio Grande River Basin where multiple hot spots for percentage of endemic mussel species occurred ( Fig. 3h, 6 ; Table 4 ).
Discussion
This study demonstrates that both mussel and fish community composition differ significantly between river basins and regions, i.e., East, West, and Central Texas. Both mussel and fish species show similar large-scale patterns with an east-to-west gradient of decreasing species richness and abundance. Hot spots of mussel species richness occur almost exclusively within the Neches River Basin, which supports previous studies that have documented the Neches River Basin being the core of unionid species richness in Texas (Burlakova et al., 2011a, b; Ford et al., 2014) . As postulated for mussel species richness in the Mississippian Region in general by Haag (2012) , species richness in Texas is likely best explained by east-west climate gradient or decreased rainfall, disturbance intensity and frequency (i.e., flashiness of rivers), and distance from source population (see discussion below). Despite our low sample size of mussel sites that could be matched with fish sites at a relatively rough spatial scale (\10 km within the same ecoregion, and not separated by a dam), we found evidence that the presence of different host fish communities correlates with variation in mussel communities among river basins (Fig. 5) . Though mussel distributions have not always been found to correlate to host fish availability (Rashleigh, 2008; Krebs et al., 2010) , there is evidence that host fishes are an important determinant of mussel community variability (Watters, 1992; Haag & Warren, 1998; Vaughn & Taylor, 2000; Schwalb et al., 2012) . Our data spanned over a wider spatial range than previous studies, which would require a much larger dataset for adequate spatial coverage (instead our sample size was less than some of these previous studies). A larger dataset of directly linked fish and mussel data would likely show more mussel variation explained by fish host presence. In contrast, our paring of sites within 10 km may under-represent the importance of fish species with smaller home ranges. In addition, there are potentially other factors not investigated in this study such as distance from a dam, channel slope, and land cover that are responsible for part of the unexplained variation in mussel community composition.
For example, distance from dams has been found to impact mussel community composition, with decreased species richness (Randklev et al., 2015a, b; Troia et al., 2015) and abundance (Randklev et al., 2015a, b) at locations proximal to dams (Randklev et al., 2015a, b; Troia et al., 2015) . Increased channel slope has also been linked to decreased species abundance (Cao et al., 2015) and more variable mussel community composition (Atkinson et al., 2012) , potentially reflecting less stable habitat in the form of more variable flows (Cao et al., 2015; Atkinson et al., 2012) , coarser substrate (Cao et al., 2015) , and increased shear stress (Atkinson et al., 2012) . Land cover, such as wetlands, can also influence community composition, as wetlands moderate the effects of flow variability, and species that require more stable flows have been associated with catchments that have larger areas of wetlands (Atkinson et al., 2012) .
An increase of mussel species richness with stream size was already recognized at the beginning of the century, and applies especially to the Mississippian region, extending from the Great Lakes to the Gulf (Haag, 2012) . More recently, higher species turnover (Atkinson et al., 2012 , Ford et al., 2016 and increased species abundance (Cao et al., 2015) were found in larger streams farther from the headwaters. In our study, there was some indication that within river basins both mussel and fish species varied along an upstream downstream gradient, with increased species richness downstream. For example, a vast majority of fish species hot spots were found in lower portions of Texas river basins (Figs. 3e, f) , and this pattern was most obvious for mussels in the Sabine River. Additional mussel data may further highlight this pattern, which is potentially the result of unidirectional flow and mussels' passive dispersal (Haag, 2012) , potentially lower rates of juvenile predations (Daniel & Brown, 2013) , and more stable (Haag & Warren, 1998) and heterogeneous (Atkinson et al., 2012) downstream habitat.
Differences in river basins explained a considerable amount of the variation in mussel community composition (not just species richness, Fig. 5 ). This could reflect large scale environmental differences, e.g., climatic conditions and geology (Burlakova et al., 2011a, b) . Texas transitions from largely alluvial dominated channels in the East, with larger portions of their stream flow attributable to runoff, to more bedrock dominated channels with larger groundwater inputs in Central and West Texas. How this translates into higher species richness and mussel abundances in East Texas remains speculative, but it could be related to more abundant suitable habitat for mussels in East Texas and a higher risk of dislodgement in Central and West Texas during flashfloods.
Texas has a pronounced climate gradient from the humid east to the arid west, with river basins in the east generally supporting larger numbers of mussel species. The floods of record in East Texas are approximately 20 times greater than the mean annual discharge of these rivers, compared to those of the more arid West Texas, which can be 2000 times the mean annual flow, (E.D. Dascher, unpublished data). River basins in Texas' humid East generally do not experience the severe dewatering events that river basins in Central and West Texas endure, and tend to be less prone to flash flooding. This may allow more species to persist, where they would otherwise be washed out or stranded during extreme events, contributing to the generally greater richness of both mussel and fish species in these river basins.
The higher mussel species richness in river basins of East Texas may additionally reflect historical colonization processes via proximity to the Mississippi River Basin. The Mississippi River Basin encompasses rivers with the highest mussel richness in the United States (Haag, 2012) , and aside from the endemic mussel species, all of the mussel species in East Texas river basins co-occur in the Mississippi Embayment Province (Haag, 2012) . During the Pleistocene, the Mississippi River Basin's expanse advanced and receded in accordance with the expansion and reduction of glacial ice (Conner & Suttkus, 1986; Al-Rabab'ah & Williams, 2004) . As the expanse of the Mississippi River Basin shrank, it may have become separated from Gulf Coast Drainages in an eastward pattern. The Rio Grande River Basin would have been, potentially, the first to be disconnected from the Mississippi River Basin, followed by the separation of Central Texas river basins, and lastly those of East Texas. Thus, the faunal group similarity of the Mississippi and East Texas river basins, may reflect longer durations of connectivity between these river basins. This pattern may also contribute to the higher percentages of endemic mussel species exhibited in river basins of West and Central Texas (See below). Historical processes should also be important for fish distribution as most fish species are restricted to their individual river basins (Maxwell, 2012) . A probably confounding factor, if one attempts to explain differences in fish communities with historical processes, is the human introduction of a variety of fish species throughout Texas, including channel catfish and largemouth bass, many of which are often host fish to various mussel species (Ford & Oliver, 2015) .
More recently, increased urbanization and human population growth likely led to declines of mussel populations and shifts in mussel community composition (Burlakova et al., 2011a, b) . Increased urbanization and population growth can result in decreased mussel species richness and abundance through increased pollution (Gillis, 2012; Gillis et al., 2014) and increased magnitude and frequencies of high flows (Brown et al., 2010) . The lower mussel species richness found in the Sabine and Trinity river basins, in relation to the Neches River Basin, may be due in part to human impacts affecting mussel distribution and abundances. A recent study has shown that mussel species richness and abundances decreased downstream of impoundments in the Sabine River, and community composition experienced shifts toward species with more opportunistic life history strategies (Randklev et al., 2015a, b) . The lower species richness in the Trinity River Basin is potentially explained by human use and modifications of rivers in the Trinity River Basin, as it encompasses several large population centers, including the Dallas-Fort Worth metroplex, and contains nearly a quarter of the dams (n = 1787) in Texas (TCEQ, 2014) .
The higher percentage of endemism in West Texas, i.e., the Rio Grande River Basin, may be reflective of its proximity to different faunal systems, i.e., the Panuc-Tamesi system as opposed to the Mississippian system (Neck, 1982) . It may also reflect larger periods of separation from the Mississippi River Basin during the Pleistocene, compared to river basins of East Texas (see above). These potentially longer and more frequent separations from the Mississippi River Basin may have acted as periods of genetic isolation and divergence that resulted in increased speciation (Maxwell, 2012) . In addition, the lower precipitation and higher temperatures of the Rio Grande River Basin may have resulted in increased isolation during droughts, potentially explaining the increased speciation and thus endemism (Hewitt, 2000; Davis & Shaw, 2001; Al-Rabab'ah and Williams, 2004) .
The contribution of groundwater to stream flow in river basins of West and Central Texas may also contribute to the higher rates of endemism seen in these river basins. Rivers with larger groundwater contributions to base flow in the Rio Grande River Basin and river basins of Central Texas may act as refuges during droughts, potentially explaining the larger percentages of endemic mussel that occur in these areas (Maxwell, 2012) . The Edwards Plateau of Central Texas, that encompasses portions of the Colorado and Guadalupe river basins, in particular is known as an area with many unique and endemic aquatic biota, that are mostly found to inhabit subterranean systems, springs or spring fed streams (Bowles & Arsuffi, 1993) .
In this study, we focused on one measure of flow variability to examine its potential effects on mussel distribution and community composition. The slope of Q34-Q77 describes flow variability in relation to groundwater inputs to base flow, and is thus more a measure of the central tendency of rivers that does not capture the variability of extreme lows or high flows in rivers. A more comprehensive examination of the relationship between flow variability and mussel distribution in West and Central Texas may help to better understand mussel distribution patterns and is a promising area of future research. In particular, the relationship between 'flashiness' and mussel distribution and community composition in Texas deserves further investigation, as many of the rivers of Central and West Texas appear to have more dramatic high and low extremes, i.e., periods of no flows and flash flood events. In addition, some mussel sites were assigned the same flow variability due to lack of data and a more accurate spatial association between mussel locations and flow variability would certainly further elucidate how much of the mussel distribution depends on flow variability or other hydraulic measures.
Climate change constitutes another threat for the survival of mussels, as the number and duration of extreme heat events and droughts in Texas continues to increase (Spooner & Vaughn, 2008; Gates et al., 2015) . Increased duration and intensity of droughts result in large mussel die-offs through desiccation and stranding, and these events can be even more damaging when coupled with the growing human population and water usage (Haag & Warren, 2008; Galbraith et al., 2010 , Randklev et al., 2013a Gates et al., 2015) . Climatic changes can also lead to an increase in the number of heavy precipitation events, leading to more frequent and larger flood events resulting in wash outs of mussels and/or their host organisms (Melillo et al., 2014) .
In Texas, 14 of the 15 state listed threatened mussels are considered either locally or regionally endemic, and several more species considered rare critical components of mussel community uniqueness (Burlakova et al., 2011a) . It often makes sense (e.g., due to budget constraints) to prioritize areas for protection to preserve these endemic and rare species. This study identified the Neches River Basin, and locations within the Colorado, Guadalupe, and Rio Grande river basins as areas of significantly higher mussel species richness and/or higher endemism (see Figs. 2, 3) , and supports the conservation priorities previously set forth (Burlakova et al., 2011a, b; Karatayev et al., 2012 Karatayev et al., , 2015 . There are currently only two river segments listed as National Wild and Scenic River Systems in Texas, both along the Rio Grande River, comprising a total of 308 km (\200 miles) of Wild and Scenic River in Texas. The Neches River, with its segments of unimpacted areas and the richness of its mussel fauna, especially endemic mussel species, has been recommended to be designated a National Wild and Scenic River System, and this study would support such an action.
Host fish are crucial for the reproduction of mussels, and mussel surveying and sampling should include or be coordinated with fish sampling. As more data on mussel distributions and community composition are obtained and become available, conservation and management actions can be better tailored to specific mussel species, communities and populations in Texas.
